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Introduction {#sec001}
============

Breast cancer is the most common form of cancer in women and is one of the main causes of death worldwide \[[@pone.0196656.ref001]\]. Advances in medical treatments have emerged to improve current therapies, but early detection remains a key element for the successful outcome of the disease \[[@pone.0196656.ref002], [@pone.0196656.ref003]\]. Early detection may be feasible by tracking a cancer biomarker that may circulate in biological fluids, allowing less invasive procedures. Cancer biomarker is a substance abnormally expressed in tumour tissue compared with normal tissues \[[@pone.0196656.ref004], [@pone.0196656.ref005]\]. It may include DNA or RNA modifications, protein expression and presence in human fluids, etc.\[[@pone.0196656.ref006]\]. In this context, CA 15--3 has been found in the serum of more than 70% of patients with breast cancer \[[@pone.0196656.ref007]\] and, in lower concentration, in patients with other cancer disease that are not breast related. CA 15--3 is also present in almost 70% of metastatic breast cancer events \[[@pone.0196656.ref008]\]. Therefore, CA15-3 is a promising biomarker for early detection of breast cancer \[[@pone.0196656.ref001], [@pone.0196656.ref007]\].

Some conventional immunoassay methods, such as the enzyme-linked immunosorbent assay \[[@pone.0196656.ref009]\], radioimmunoassay \[[@pone.0196656.ref010]\], fluorescence immunoassay \[[@pone.0196656.ref011]\], electrophoretic immunoassay \[[@pone.0196656.ref012]\] and high-performance liquid chromatography (HPLC) \[[@pone.0196656.ref013]\] have been described in the literature for CA15-3 protein detection. However, these methods are complex, high time-consuming, expensive, labor-intensive and unsuitable for POC applications. Therefore, it is of interest to investigate further for accurate, rapid and simple alternative methodologies for the determination of CA 15--3.

Moreover, the increasing demand for ultrasensitive determination of tumor markers is pushing for novel detection technologies. In this context, electrochemical devices are becoming a promising alternative for screening cancer biomarkers due to their low price, simple operation and POC feasibility. Several electrochemical immunoassays have also been reported in literature \[[@pone.0196656.ref012], [@pone.0196656.ref014]--[@pone.0196656.ref016]\], offering attractive features as low cost and portability. Most of these use biological elements as enzymes and antibody/antigen interaction for CA 15--3 detection \[[@pone.0196656.ref012], [@pone.0196656.ref014], [@pone.0196656.ref017]\]. Such biological elements offer little stability, require highly complex production schemes and involve high cost. Artificial counterparts of these "natural" antibodies have emerged to overcome these disadvantages, offering robustness, resistance to temperature and pressure changes, and low cost \[[@pone.0196656.ref018]--[@pone.0196656.ref020]\].

Several strategies have been reported to integrate molecular imprinting (MI) technology in biosensors (\[[@pone.0196656.ref021]\] \[[@pone.0196656.ref022], [@pone.0196656.ref023]\]. Conventional bulk imprinting has been reported \[[@pone.0196656.ref024]\] \[[@pone.0196656.ref020], [@pone.0196656.ref025]--[@pone.0196656.ref027]\], along with new improved formats \[[@pone.0196656.ref028]--[@pone.0196656.ref032]\]. Among these, electropolymerization is an attractive alternative \[[@pone.0196656.ref031], [@pone.0196656.ref033]--[@pone.0196656.ref036]\]. In this, the films are synthetized *in situ*, within few seconds/minutes and involving very little amount of reagents \[[@pone.0196656.ref036]\]. Electroactive monomers used for this purpose are aromatic rings with different chemical functionalities. Among these, amine functions prevail, mostly due to their easy interaction with proteins, through hydrogen bonding. In this regard, MI sensors including polyaminophenol (oAP, \[[@pone.0196656.ref033]\], poly(*o*-phenylenediamine) (PoPDA) \[[@pone.0196656.ref018]\], and polyaniline \[[@pone.0196656.ref018]\] have been reported in the literature. In the case of PoPDA based compounds, polymers with controlled thicknesses, ranging within 10--100 nm \[[@pone.0196656.ref037]\], due to a self-limiting growth, were *in situ* electropolymerised and were easily regenerated after use \[[@pone.0196656.ref038], [@pone.0196656.ref039]\]. In addition to this, the degree of polymeric reticulation and porosity are important features in terms of rebinding recognition, affecting the selective/specific recognition of an imprinted protein. Considering PDA, such features could be an outcome of the positions of the amine functions on the benzene ring.

Thus, it would be interesting to compare different monomers and identify which position would benefit more the formation of a suitable protein imprinted polymer for a given protein. This hypothesis was tested herein by comparing systematically similar monomers with chemical functions in different positions. Aniline (a single amine function), oPDA (two amines in 1,2 positions) and pPDA (two amines in 1,4 positions) were selected for this purpose. The intermediate position, *m*-phenylenediamine (two amines in 1,3 positions) was disregarded, because preliminary studies indicated that it did not produce a stable material. From a regular mechanism perspective, it is clear that the amine is a strong activator of the aromatic ring towards electrophilic substitution, thereby indicating that the dominant substitution positions are *orto* and *para*.

In In addition to this, it would be important to understand the effect of charged species at the rebinding site. When the polymer is tailored with a single monomer, the rebinding recognition is mostly established by the format of the rebinding site, besides the electrostatic interactions established throughout the external surface of the polymer (including other sites than the rebinding site). If a charged species is added into the rebinding site (and only at this site), the recognition may be established by format and differentiated electrostatic interactions. This concept, previously tested before and named SPAM \[[@pone.0196656.ref040]\], is tested herein by preparing imprinted materials with charged species.

Thus, this work describes the electropolymerization of films made with amine-substituted benzene rings as monomers (Aniline, oPDA and pPDA) and specific charged monomers (4-Styrenesulfonic Acid Sodium Salt, negatively charged; and dopamine, or 3-Hydroxytyraminium Chloride, positively charged) for generating oriented protein imprinting materials for CA15-3 detection. The protein CA 15--3 was adsorbed onto a gold surface, surrounded by the growing polymeric matrix, followed by protein removal with a proteolytic enzyme (cleaving peptide bonds and subsequently destroying the structure of imprinted proteins or peptides). A control material, named non-imprinted (NI) polymer was synthesized by the same way but without the template. The resulting biosensor was evaluated by cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS) and square wave voltammetry (SWV) techniques and further applied to the analysis of biological sample. This biosensor showed to be a promising tool for screening CA15-3 in point-of-car (POC), offering simplicity of fabrication, low response time, low cost, and good sensitivity/selectivity.

Materials and methods {#sec002}
=====================

Apparatus {#sec003}
---------

The electrochemical measurements were conducted with a potentiostat/galvanostat from Metrohm Autolab and a PGSTAT302N, equipped with a FRA2 module and controlled by Nova 10.1 software. Raman measurements were performed using a Thermo Scientific DXR Raman microscope system with a 100 mW 532 nm excitation laser. Ellipsometry measurements were performed using a J.A.Woollam Co, Inc M/2000V model ellipsometer with a 370--1000 nm spectral range and 50 W QTH lamp equipped with an EC/400 electronics control module and controlled with CompleteEASE v4.92 software. Atomic force microscopy (AFM) measurements were performed using Veeco Metrology Multimode/Nanoscope IVA. Au-SPEs were purchased from DROPSENS (DRP-C220AT), having working and counter electrodes made of gold and reference electrode and electrical contacts made of silver. The diameter of the working electrode was 4 mm. The Au-SPEs were interfaced with the potentiostat by means of a compatible switch box, from BioTID/Porto-Portugal.

Reagents {#sec004}
--------

All chemicals were of analytical grade and de-ionized water (conductivity \<0.1 μS/cm) was employed. The following reagents were obtained from Sigma-Aldrich: Breast Tumour Antigen from human fluids (CA15-3), myoglobin (Myo), o-phenylenediamine (oPDA), p-phenylenediamine (pPDA), 3-hydroxytyraminium chloride (Dopamine, DPM) and trypsin. Potassium hexacyanoferrate III (K~3~\[Fe(CN)~6~\]), L-ascorbic acid (AA) and potassium hexacyanoferrate II (K~4~\[Fe(CN)~6~\] trihydrate were obtained from Riedel-De Haën. 4-Styrenesulfonic Acid Sodium Salt (SA) was obtained from Alfa Aesar. Potassium di-hydrogenphosphaste (KH~2~PO~4~) and Sodium chloride (NaCl) were obtained from Panreac. Potassium chloride (KCl) was obtained from Merck. Glucose (Glu) was obtained from Fisher BioReagents. Creatine kinase isoenzyme (CK-MB) was obtained from ERM-European Reference Materials. Creatinine (Crea) and bovine serum albumin (BSA) were obtained from Amresco and Aniline from Analar Normapur.

Solutions {#sec005}
---------

Stock solutions of 100 U/ml CA15-3 were prepared in PBS buffer (1.0×10^−2^ mol/L, pH 7.36). Less concentrated standards were obtained by accurate dilution of the previous solution in the same buffer. Electrochemical assays were performed with 5.0×10^−3^ mol/L K~3~\[Fe(CN)~6~\] and K~4~\[Fe(CN)~6~\] in PBS 1.0×10^−2^ mol/L, pH 7.36. PBS was composed of NaCl (136.90 mM), KCl (2.68 mM), Na~2~HPO~4~ (12.54 mM) and KH~2~PO~4~ (1.76 mM), with pH set to 7.36. To simulate artificial human serum, a solution od with NaCl (120.00 mM) and NaHCO~3~ (20.00 mM) with pH set to 7.4 was used instead of buffer.

Design of the biomimetic sensor on the Au-SPE {#sec006}
---------------------------------------------

The gold surface of the working electrode (Au-SPE) was cleaned with ethanol. CA15-3 (100 U/mL) was prepared in PBS, solution pH 7.36, and incubated in the Au-SPE for 90 min at room temperature ([Fig 1B](#pone.0196656.g001){ref-type="fig"}). The CA15-3/Au-SPE was washed with PBS and then was incubated overnight with SA (0.1 mM) and DPM (0.1 mM) solution, also prepared in PBS and subsequently washed with PBS ([Fig 1C](#pone.0196656.g001){ref-type="fig"}).

![Schematic representation of the synthesis of the imprinted material.\
(A) Au-SPE; (B) CA15- 3 adsorption on Au-SPE surface; (C) Charged monomers labelling; (D) Electropolymerization of PDA; and (E) binding site formation by template removal with Trypsin.](pone.0196656.g001){#pone.0196656.g001}

The imprinted material was obtained by electropolymerization of a monomer 5 mM solution in PBS on CA15-3/Au-SPE surface \[[@pone.0196656.ref040]\] ([Fig 1D](#pone.0196656.g001){ref-type="fig"}). The polymerization was carried out by CV measurements with potential range between -0.45 and 0.80V, scan rate of 100 mV/s, for 10 cycles. CA 15--3 was removed from the polymeric matrix by incubation is trypsin solution for 90 min, at 36°C. The film was finally electrochemically cleaned with PBS buffer in order to remove protein fragments and adsorbed trypsin, and finally rinsed with DI water. This was performed by CV scanning, between -0.30 and 0.30 V, for 10 cycles (20 stop crossing) ([Fig 1E](#pone.0196656.g001){ref-type="fig"}). A negative control was also produced excluding the protein adsorption step on Au- SPE from the procedure and is named non-imprinted materials (NI)

Morphological analysis of the guest-polymer {#sec007}
-------------------------------------------

Relevant chemical/physical data of the synthetic materials was obtained by surface analysis using FTIR and Raman spectroscopy, ellipsometry and AFM. AFM surface characterisation studies were conducted only on planar gold surfaces (100 nm gold chips in a 25 nm Silica Dioxide wafer with 2 nm Ti), because the surface of the SPEs was too rough. AFM studies were applied to gold, MIP/-/Au, MIP/CA15-3/Au, and NIP/Au surfaces, without any prior treatment.

FTIR studies were done by direct analysis of the solids on an ATR diamond crystal support; the samples selected for this study were Au-SPE without any prior treatment, MIP/-/Au, MIP/CA15-3/Au, and NIP/Au surfaces. Raman studies were obtained by direct observation of the sample on the confocal microscope (of the Raman equipment); the samples considered for this study were MIP/-/Au after incubation in CA15-3 0.1 U/ml and 5.0 U/ml, and NIP/Au-SPE surfaces.

Electrochemical procedures {#sec008}
--------------------------

CV and SWV measurements were conducted in 5.0 mmol/L of \[Fe(CN)~6~\]^3-^ and 5.0 mmol/L of \[Fe(CN)~6~\]^4-^, prepared in PBS buffer (1.0×10^−2^ mol/L, pH 7.36). For CV assays, the potential was scanned from -0.7 to +0.7 V, at 50 mV/s. For SWV studies, potentials were changed from -0.3 to +0.5 V, at a frequency of 50Hz with a step height of 150 mV. All assays were conducted in triplicate.

EIS assays were performed with the same redox couple \[Fe(CN)~6~\]^3-/4-^ with open potential circuit (OCP), using a sinusoidal potential perturbation with amplitude of 0.01 V and a number of frequencies equal to 50, logarithmically distributed over a frequency range of 0.1--100 kHz. The impedance data were fitted with commercial software Nova. The Randles equivalent circuit is used to fit all the electrical parameters of the EIS results, reflecting the electrochemical proprieties of the electrode-solution interfaces with the occurrence of Faradaic current diffusion transport \[[@pone.0196656.ref041], [@pone.0196656.ref042]\]. The Nyquist plot of a Randles cell consists of a semicircle. At high frequencies the impedance of Cdl is very low; at very low frequencies the impedance of Cdl becomes high, and thus, the measured impedance tends to charge transfer resistance and solution resistance (Rct + Rs). The diameter of the semicircle is identical to the charge-transfer resistance \[[@pone.0196656.ref043]\]. The diffusion was assigned to the Warburg element (W).

The calibration curve was performed by SWV and EIS measurements. Readings were made for MIP with and without charged labels and for NIP materials, with each assay performed at least 3 times. Calibration curve was achieved by 15 minutes incubation of the sensor with consecutive concentrations of CA15-3, ranging 0.005 to 40.0 U/mL CA 15--3 solutions, prepared in PBS buffer.

CA15-3 assay in serum samples sample was performed by SWV measurements. CA15-3 was prepared in synthetic serum solution diluted 5 times, in a concentration range between 0.005 to 40.0 U/mL CA15-3.

Selectivity studies were performed in synthetic serum spiked with biological compounds present in physiological fluids. Spiked diluted serum samples were diluted 5 times in serum, with CA15-3 at constant 10 U/mL concentration. This solution was incubated in MIP for 15 min intervals with multiple SWV readings at the end of each interval.

Results and discussion {#sec009}
======================

Design of the biosensor {#sec010}
-----------------------

Molecular imprinting was prepared by electropolymerizing different monomers (oPDA, pPDA and Aniline), using CA15-3 as a template molecule, by CV ([Fig 2](#pone.0196656.g002){ref-type="fig"}). The process consisted in 3 different stages ([Fig 1](#pone.0196656.g001){ref-type="fig"}) starting with CA15-3 adsorption on gold SPE surface, followed by the imprinting step by the monomer thin film formation on Au-SPE/CA15-3 surface, and terminated by the CA15-3 removal. Each of these stages was controlled by several electrochemical readings.

![Electropolymerization of oPDA to produce MIP/CA15-3/Au-SEP (left) and NIP/--/Au-SPE (right).\
CV with 10 consecutives cycles in a potential range between −0.5 and +0.8 V and scan-rate 100 mV/s, in PBS buffer, pH 7.2.](pone.0196656.g002){#pone.0196656.g002}

The CA15-3 imprinting started with its adsorption on the Au-SPE surface. This was made by casting a drop of the protein solution on the gold area. When applicable, charged monomers (positively charge 3-hydroxytyraminium, DPM, and negatively charged 4-Styrenesulfonic Acid Sodium Salt, SA) were incubated overnight.

Following, the electropolymerization of o-PDA on Au-SPE/CA15-3 surface was carried out by CV using 10 consecutives cycles in a potential range between -0.5 and 0.8 V and a scan rate 0.1 V/s, in PBS buffer of pH 7.2. During the electropolymerization step, the current decreased with the increasing of the number of cycles and the highest current was obtained in the first cycle. When 10 cycles were reached, the current density of the oxidation peak was smaller, meaning that the film was formed at electrode surface ([Fig 2](#pone.0196656.g002){ref-type="fig"}). Comparing to the NI film, the imprinted film displayed lower maximum current values, thereby confirming the presence of the adsorbed proteins on the surface. No reduction peak was observed during the electropolymerization confirming the growth of an insulator imprinted polymer on the Au-SPE electrode. The thickness of the film formed did not exceed 50 nm due to the self-limiting effect, caused by the low polymer film conductivity \[[@pone.0196656.ref044]\].

The protein was removed from its imprinted site with an unspecific protease (Trypsin), remaining the polymeric network of the artificial antibody. For this purpose the biosensor was incubated for 90 minutes with trypsin, at 36°C. This enzyme is highly active and stable with low cutting specificity and exhibits very wide cleavage specificity.

Selection of the monomer to assemble the polymer matrix {#sec011}
-------------------------------------------------------

In this work, different monomers were tested to imprint CA15-3 within a polymeric matrix. These monomers were oPDA, pPDA and aniline. In general, electroactive functional monomers with amine functional groups linked to an aromatic ring are electropolymerizing to form non-conducting polymers under physiological conditions. PDA is a functional monomer for molecular imprinting synthesis, due to its ability to form compact/rigid polymer films, which offer hydrophilic, hydrophobic, basic, and other recognition sites \[[@pone.0196656.ref045]\]. In addition, it is possible to produce a thin and continuous film enabling to obtain a short response time of the imprinted biosensor. The electropolymerization was carried out in the same potential range (-0.2 to 0.8V) during 15 cycles, for all monomers. Non-conductive polymers were obtained with the three electroactive monomers. All monomers evidenced the formation of an oxidized radical species. As shown in [Fig 3](#pone.0196656.g003){ref-type="fig"}, the most easily oxidized monomer was oPDA (\~0.2V), followed by pPDA (\~0.4V) and by aniline (0.7V). Non-conductive polymers were obtained with the three electroactive monomers.

![Electropolymerization of oPDA, pPDA and aniline on Au-SPE/CA15-3 surface.\
CV with 10 consecutives cycles in a potential range between −0.5 and +0.8 V and scan rate 100 mV/s, in PBS buffer, pH 7.2 (only first and last cycle are shown).](pone.0196656.g003){#pone.0196656.g003}

The resulting polymers were incubated in buffer and after in CA 15--3 standard solutions prepared in buffer to understand their typical electrical features (Figs [3](#pone.0196656.g003){ref-type="fig"} and [S1](#pone.0196656.s001){ref-type="supplementary-material"}). Overall, only the polymer obtained with oPDA displayed a stable electrical response after consecutive incubations in buffer and with the target protein. The higher stability of the poly(oPDA) was probably linked to the mechanism of radical polymerization involved, which shall be different from the other monomers, likely affecting the porosity and flexibility of the final polymer.

Overall, the monomer oPDA was selected for further studies, followed but the chemical and physical characterization of the resulting polymer.

Follow-up of the physical/chemical changes occurring at the surface {#sec012}
-------------------------------------------------------------------

### Electrochemical follow-up {#sec013}

The electrochemical modifications made on the Au-SPE were followed-up by monitoring the changes in the electron transfer properties of a standard redox system. The redox couple \[Fe(CN)~6~\]^4-^/\[Fe(CN)~6~\]^3-^ was used for this purpose. The techniques used for to measure indirectly such alterations were EIS and CV assays. The obtained EIS spectra are presented as Nyquist plots ([Fig 4A](#pone.0196656.g004){ref-type="fig"}) showing a semicircle portion at high frequencies and a linear portion at low frequencies. The semicircle at higher frequencies corresponded to the electron-transfer-limited process, and the linear portion at lower frequencies represented the diffusion-limited process.

![Electrochemical control of the subsequent modification steps of the Au-SPE to produce MIP (top) and NIP (bottom) films.\
Assessed in 5.0 mM \[Fe(CN)6\]^3−^ and 5.0 mM \[Fe(CN)6\]^4−^, in PBS buffer, pH 7.2, by EIS (A, Nyquist plots) and CV (B, cyclic voltammograms).](pone.0196656.g004){#pone.0196656.g004}

In EIS data, the presence of the CA15-3 protein on the surface of the Au- SPE after its adsorption was confirmed by an Rct increase, compared to the clean Au-SPE ([Fig 4A](#pone.0196656.g004){ref-type="fig"}). Next, the formation of the poly(oPDA) film introduced additional barriers to the electron transfer properties of the redox probe. This resulted in an extra increase in the electron transfer resistance, reflected by further substantial increase in Rct compared to the Au-SPE. This increase was much more evident in the MIP film, probably reflecting the presence of an insulating film plus the non-conductive CA 15--3. After protein removal, the resistance decreased substantially, suggesting that CA15-3 was successfully extracted from the polymer. Such decrease was much more evident in the MIP, because the protein was being extracted from it. In the NIP film, only a slight decrease in Rct was observed after trypsin incubation, probably related to the washout of small oligomer fragments form the surface.

CV assays are shown in [Fig 4](#pone.0196656.g004){ref-type="fig"} and are consistent with the EIS results. The redox probe showed typical peak-to-peak potential separation values on the Au-SPEs. The subsequent adsorption of the protein promoted a slight peak decrease (more evident in the reduction peak) and a shift potential to higher values, thereby confirming the presence of an additional element on the Au-working electrode. After polymerization, the peak currents dropped to minimum levels, confirming the formation of an insulating layer on top of the Au-SPE surface. After template removal, the peak currents recovered, confirming the exit of CA 15--3 protein from the electrode surface. The NIP values showed a similar behaviour, except after polymerization, where the redox peaks of the probe remained evident.

### RAMAN follow-up {#sec014}

Raman spectra were recorded for Au-SPE, MIP/-/Au-SPE, NIP/Au-SPE and MIP/-/Au-SPE surfaces with protein rebind (CA15-3, 0.1 and 5.0 U/ml) respectively. The typical images obtained are presented in [Fig 5](#pone.0196656.g005){ref-type="fig"}. Regarding NIP films, about the presence of the peaks at \~1400 cm^-1^ were linked to the C--N stretching vibration, having an intermediate single/double bond order and being coupled to quinoid-like rings \[[@pone.0196656.ref046]\]. In the region of around 1650cm^−1^, the Raman peak spectra was assigned to the carbon/carbon stretching vibrations of quinoid-like rings \[[@pone.0196656.ref047]--[@pone.0196656.ref049]\].

![Raman spectra.\
Au-SPE, NIP/Au-SPE and MIP/−/Au-SPE with different concentration of CA 15--3.](pone.0196656.g005){#pone.0196656.g005}

The MIP/-/Au-SPE showed the same bands as the NI material, with two additional peaks at about 800, 500 and 600 cm^-1^. These peaks were assigned to the Au-SPE electrode surfaces enabling the confirmation of the imprinted sites obtained after proteolithic treatment of the MIP/Au-SPE. The spectra of MIP/-/Au-SPE films incubated in protein showed an increase of the Raman peak at shift at about 1400 and 1600 cm^-1^ and a significant decrease at 800, 500 and 600 cm^-1^. This effect was concentration dependent, being more evident for higher concentrations. In one hand, the increase at the higher Raman shift range was linked to the increasing amount of the protein on the surface, while the decreasing values in the lower Raman shift revealed that the Au-SPE was covered by another material. The sensor incubated with higher concentration (5.0 U/ml) showed absence of the peaks (between 400 and 800 cm^-1^) suggesting that all cavities at the Au-SPE could be occupied by CA15-3 protein.

Overall, the RAMAN spectra confirmed the surface modifications and the presence of the imprinting sites of the sensor. Considering the great sensitivity of the Raman signal to different concentrations of CA 15--3 covering the gold, it is likely that the calibration of this biosensor could be follow-up by Raman spectroscopy, an approach not tested herein.

### FTIR follow-up {#sec015}

FTIR analysis was used to confirm the surface modification on the Au-SPE surface. Data was collected within 4000--500 cm^-1^ wavenumber, at ambient temperature, for Au-SPE, MIP/CA15-3/Au-SPE, MIP/-/Au-SPE, NIP/Au-SPE sensors. The typical images obtained are shown in [Fig 6](#pone.0196656.g006){ref-type="fig"}.

![FTIR spectra.\
Au-SPE, MIP/Ca15-3/Au-SPE (before template removal), MIP/--/Au-SPE (after template removal), and NIP/--/Au-SPE.](pone.0196656.g006){#pone.0196656.g006}

Regarding the FTIR spectra of the Au-SPE, it confirms, in general, the presence of other organic compounds out coming from the gold ink deposited on the commercial SPE. The subsequent production of the MIP having the CA15-3 entrapped within the polymer, gives rise to an FTIR spectra that evidences clearly the presence of the protein at the surface. The chemical functions that are present in the protein, including N--H and O--H stretching from amine and carboxylic acids within the peptide moiety and from the glycosylated fraction of the protein, are probably responsible for the wide band centred at 3306 cm^-1^. Moreover, the absorption band ranging 1600--1700 cm^-1^ accounts the C = O stretching vibrations from the several amino acid residues within the protein.

As expected, the polymeric materials MIP (after template removal) and NIP showed several similar peaks, indicating their similar chemical composition. In general, the most significant peaks among the spectra revealed the functional groups present within the polymeric matrices. The small peak at about 3600 cm^-1^ was assigned to the C--N stretching vibrations of the polymeric network. The C--H aromatic/aliphatic stretching was evidenced near 2924 and 2850 cm^-1^, the C = C aromatic stretching at about 1600 and 1500 cm^-1^; the C--H deformation at about 1400 cm^-1^; the C--N stretching at about 1250 cm^-1^; and = C--H deformation at 1050 cm^-1^ (probably shifted from the normal position at \~1000 cm^-1^ due to the acceptor substitute groups underlying in the final polymeric network).

A final observation is related to the fact that the bands at 853 and 817 cm^-1^ in the MIP/CA15-3/Au-SPE disappeared after template removal. These bands were characteristic of the clean Au-SPE, revealing that the gold surface was exposed again after the protein removal. Overall, this confirmed the formation of the rebinding cavities on the MIP/-/Au-SPE sensor.

### AFM follow-up {#sec016}

The superficial analysis with AFM was performed on the same materials, but prepared on flat gold-surface surfaces. The surface of the Au-SPEs was too rough to allow withdraw some information about the subsequent modifications made on top of it. The topographic images of planar gold, NIP/gold, MIP/CA15-3/gold and MIP/-/gold sensors are shown in [Fig 7](#pone.0196656.g007){ref-type="fig"} and suggested several structural differences between the materials.

![AFM images.\
Planar gold, NIP/--/gold, MIP/CA15-3/gold and MIP/--/gold.](pone.0196656.g007){#pone.0196656.g007}

The clean gold presented the smallest roughness levels under AFM observation. The addition of a polymeric layer on this gold support increased the roughness of the overall material. From a 2D view, it was clear that the typical profile of the clean gold was lost. The adsorption of the CA15-3 followed by electrical polymerization gave rise to an apparently more plane surface, but containing globular structures on top, of huge size compared to the polymer roughness. These globular structures were no longer evident after treatment with trypsin, thereby confirming the exit of the protein. In general, the roughness of the MIP/-/Au-SPE was about 15 nm which was a higher value than the NIP material, accounting the presence of the rebinding cavities.

Overall, the AFM data obtained along the different stages of the material modification was consistent with the previous data, of electrochemical or chemical nature.

Selection of the charged monomer to improve rebinding {#sec017}
-----------------------------------------------------

The effect of the charged monomers was tested by preparing in parallel Au-SPEs with and without charged monomers. The resulting materials were then tested by incubation with CA 15--3 standard solutions prepared in PBS buffer. The obtained calibrations are shown in [Fig 8A and 8B](#pone.0196656.g008){ref-type="fig"}, expressed log concentration against the relative values to the signal of the blank. The data were obtained after several incubations in buffer, ensuring a stable electrical reading (typically \< 5% variation, in a random behaviour).

![Electrochemical measurements.\
(A) MIP/--/Au-SPE with charged monomers in PBS buffer; (B) MIP/--/Au-SPE without charged monomers in PBS buffer; (C) NIP/Au-SPE with charged monomers; (D) NIP/Au-SPE without charged monomers in PBS buffer; (E) Comparative temporal response of MIP/Au-SPE with serum and serum+protein incubation; (F) "Blind" comparison MIP/Au-SPE with random protein concentrations; (G) Relative response MIP/--/Au-SPE and NIP/--/Au-SPE in 5.0 mM \[Fe(CN)6\]^3−^ and 5.0 mM \[Fe(CN)6\]^4−^, in PBS buffer pH 7.5, with different concentrations of CA15-13.](pone.0196656.g008){#pone.0196656.g008}

In general, the presence of the charged species gave rise to a completely different behaviour of the film in presence of the protein. In SWV data, the current signal decreased by increasing the protein concentration at the surface when the imprinted film had no charged species ([Fig 8B](#pone.0196656.g008){ref-type="fig"}). The first incubation in protein dropped the current values significantly, and the last three standards exhibited a little variation of the current, pointing out a tendency for saturation.

When charged species were added into the imprinted polymer, it was curious to observe that the current values increased instead of decreasing ([Fig 8A](#pone.0196656.g008){ref-type="fig"}). The profile observed was not a linear trend, as the kinetics seemed to vary along the concentration range tested (0.005 to 40.0 U/mL), even for a log concentration plot, but a mathematical correlation of second degree was established with a good correlation coefficient (\~0.99). Further tests were conducted with MIP materials prepared with just one of the charged species to understand this effect ([S2 Fig](#pone.0196656.s002){ref-type="supplementary-material"}). In general, the less resistive materials were obtained when both charged monomers were present prior to electropolymerization ([S2 Fig](#pone.0196656.s002){ref-type="supplementary-material"}). The positively charged monomer had a higher resistance than this one and the negatively charged monomer had a much higher resistance than the previous two. Overall, as the incubation of CA 15--3 increases the resistance of the biosensor, the most sensitive system is probably the one starting from a lower charge-transfer resistance value, thereby advising the use of both charged species.

The NIP with charged species had a similar behaviour to the MIP without charges ([Fig 8C](#pone.0196656.g008){ref-type="fig"}). This was as expected, because the charged species incubated on the NIP film were covered by the subsequent polymerization of oPDA. Moreover, the trypsin incubation did not change the polymer significantly (no protein was present). Thus, the effect of the interactions of the protein with the external surface of this film should be similar to those of the MIP film prepared without charges.

Moreover, the response to the presence of the protein of the NIP without charges ([Fig 8C](#pone.0196656.g008){ref-type="fig"}) was only evidenced for higher concentration levels, compared to the corresponding MIP ([Fig 8B](#pone.0196656.g008){ref-type="fig"}). This behaviour confirmed the ability of this MIP to interact with the protein through rebinding sites and that these interactions were dominating the non-specific adsorption within in the lower concentration range of CA 15--3.

Overall, these results pointed-out the relevance of having charged species within the rebinding site and that the MIP alone (with no charges) was able to interact with the protein through the rebinding sites. The difference between the analytical behaviour of the MIP with charges and the MIP without charges ([Fig 8G](#pone.0196656.g008){ref-type="fig"}) or even the NIP with charges was highly significant, with the MIP displaying positive slopes after protein incubation and the other biosensors displaying negative slopes under the same condition.

Ellipsometry studies {#sec018}
--------------------

The previous material (polymeric oPDA and charged monomers) was further controlled by ellipsometric readings to monitor the layer thickness along the assembly of the biosensor. The obtained data is shown in [Table 1](#pone.0196656.t001){ref-type="table"}. Measurements were made after CA15-3 adsorption on surface, after charged monomers incubated, after electropolymerization and after trypsin removal. An ellipsometric model was created to calculate the response from Fresnel's equations, which best fitted to the materials thickness and optical constants. Mean Squared Error (MSE) was used as an estimator to quantify the differences between the model and experimental results, with lower MSE values being considered the best ones. As an overall, the data was considered in good fitting to the models employed.

10.1371/journal.pone.0196656.t001

###### Thickness of each layer added into the biosensor.

The values obtained after each stage of modification of the Au-SPE.

![](pone.0196656.t001){#pone.0196656.t001g}

  Stage of modification                Thickness (nm)   Mean Squared Error (MSE)
  ------------------------------------ ---------------- --------------------------
  **(1)**, only CA15-3                 2.10 ± 0.122     3.247
  **(2)**, (1) with Charged Monomers   0.10 ± 0.031     3.487
  **(3)**, (2) with oPDA               4.46 ± 8.346     4.665
  **(4)**, (3) and Trypsin             0.40 ± 0.048     4.075

The addition of CA 15--3 into the planar gold gave rise to a \~2 nm increase. Since this protein is not a sphere and of huge dimensions, probably it was lying down on the gold support. The subsequent addition of charged monomers yielded a slight increase in the overall thickness; this increase was within the error of the previous layer (CA -15-3), meaning that this value could be of little significance. The addition of the charged monomers (of angstrom size) was most likely not perceptible.

The polymerization of oPDA was the layer imposing a higher variation in the overall thickness. In total, the thickness of the polymer increased by \~4.5 nm, but this value was linked to \~8.3 nm standard deviation. In practice, this layer revealed a roughness of about 16 nm, which is more likely consistent with the size of the natural protein and the cavities left by their exit. It is therefore likely that the protein was just lying down after adsorption (the \~2 nm size on top of the gold) but, when incubated in the oPDA for polymerization, adopted other position and got loose from the underlying surface to be bulked with huge standard deviation is also consistent with the fact that the exit of the protein exposed again the previous gold surface, as confirmed by FTIR and Raman data.

Overall, the ellipsometric studies of the layer thickness changes are more or less consistent with the data obtained by AFM, also supporting previously observed FTIR and Raman analysis.

Analytical features and application {#sec019}
-----------------------------------

To be able to have an application of the described biosensor, the MIP biosensor was incubated first in serum and after in increasing concentrations of the target protein prepared in serum. The typical response in EIS is shown in [Fig 8E](#pone.0196656.g008){ref-type="fig"} and was plotted against time to represent the consecutive blank incubations. Considering the blank incubations, a slight increase in Rct was observed compared to the initial reading, and then the signal decreased in the same range to reach a random value around 90% of signal corresponding to the initial blank reading. The incubation in serum with a set concentration of CA15-3 had a completely different behaviour. The first time point dropped the Rct levels to about 80% (causing a higher impact than the blank serum) and the values reached a steady signal at about 90 minutes.

The corresponding calibration in SWV is represented in [Fig 8G](#pone.0196656.g008){ref-type="fig"}, pointing out a current increase for increasing CA 15--3 concentrations, as reported for calibrations in PBS buffer. The relative change in the current signal was similar to that observed in calibrations with PBS. The NIP response in serum is also shown in [Fig 8G](#pone.0196656.g008){ref-type="fig"}, and may be compared in the same graphic with the response of the corresponding MIP, which is also consistent with the calibrations in PBS buffer.

In terms of precision, the standard deviation of consecutive measurements in different calibrations was 5.8% and the repeatability of consecutive readings was less than 5%. Overall, this data confirmed the good precision of this analytical approach proposed herein. Moreover, comparing random concentration values of CA15-3 in MIP/CA15-3/Au-SPE previous calibration curve, a maximum error to 3% was estimated, thereby suggesting the accuracy of this method.

The application feasibility of the biosensor was further tested by preparing spiked serum samples and using a previous calibration curve to extract quantitative data. For this purpose, serum samples were prepared with CA15-3 concentrations ([Fig 8F](#pone.0196656.g008){ref-type="fig"}). This analysis was performed in triplicate. Overall, a good agreement was found between added and found amounts of CA15-3 (triangles and diamond points in [Fig 8F](#pone.0196656.g008){ref-type="fig"}). The resulting data is shown in [Table 2](#pone.0196656.t002){ref-type="table"}, with recoveries lying within 94 and 97%.

10.1371/journal.pone.0196656.t002

###### Comparison between random values of CA15-3 concentration and calibrated values.

![](pone.0196656.t002){#pone.0196656.t002g}

  Relative Response   C (U/mL)   Relative error (%)   
  ------------------- ---------- -------------------- -------
  1.89                1.85       0.1                  1.85%
  2.25                2.27       5.0                  1.09%
  2.13                2.07       0.5                  2.72%
  2.28                2.27       5.0                  0.73%

Overall, these results seemed promising for direct applications in POC context.

Conclusions {#sec020}
===========

The effective combination of electrochemistry and molecular imprint technology in an analytical device provided a promising tool for direct electrochemical detection of proteins. This work describes a successful electrosynthesized poly(oPDA) thin film that was molecularly imprinted with CA15-3, and confirms the importance of having charged species with the rebinding position.

In general, the biosensor presented simplicity in designing, short measuring time, high accuracy, ability to detect CA 15--3 within a concentration range of clinical interest, even in diluted serum. The results obtained so far demonstrated that this is a promising method for future practical applications, especially contributing to the screening the breast cancer in POC.

The method here described has the advantage of being of easy manufacture and low cost in relation to conventional methods obtaining results much more quickly and without long waiting times.

Supporting information {#sec021}
======================

###### The effect of monomers upon the calibration against CA15-3.

SWV measurements of (A) MIP/Au-SPE with phenylenediamine as a monomer; (B) MIP/Au-SPE with aniline and corresponding calibration curve. 5.0 mM \[Fe(CN)6\]^3−^ and 5.0 mM \[Fe(CN)6\]^4−^, in PBS buffer pH 7.5, with different concentrations of CA15-3.

(TIF)

###### 

Click here for additional data file.

###### Comparison between MIP with both charged species.

SA (-) and DPM (+) and MIP with just one of the species present. (A) Electropolymerization (B) FRA (C) CV, FRA and CV assessed in 5.0 mM \[Fe(CN)~6~\]^3−^ and 5.0 mM \[Fe(CN)~6~\]^4−^, in PBS buffer, pH 7.

(TIF)

###### 

Click here for additional data file.
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